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ABSTRACT: Cadmium (Cd) isotopes have great potentials for understanding Cd 29 

geochemical cycling in soil and aquatic systems. Iron (oxyhydr)oxides can sequester 30 

Cd via adsorption and isomorphous substitution, but how these interactions affect Cd 31 

isotope fractionation remains unknown. Here we show that adsorption preferentially 32 

enriches lighter Cd isotopes on iron (oxyhydr)oxide surfaces through equilibrium 33 

fractionation, with similar fractionation magnitudes (∆114/110Cdsolid-solution) for goethite 34 

(-0.51 ± 0.04‰), hematite (-0.54 ± 0.10‰) and ferrihydrite (-0.55 ± 0.03‰). Neither 35 

initial Cd2+ concentration, ionic strength nor pH influence the fractionation magnitudes. 36 

The enrichment of the light isotope is attributed to the adsorption of highly distorted 37 

[CdO6] on solids as indicated by Cd K-edge EXAFS analysis. In contrast, Cd 38 

incorporation into goethite by substitution for lattice Fe at a Cd/Fe molar ratio of 0.05 39 

preferentially sequesters heavy Cd isotopes, with ∆114/110Cdsolid-solution of 0.22 ± 0.01‰. 40 

The fractionation probably occurs during the transformation of ferrihydrite to goethite 41 

via dissolution and reprecipitation. These results improve the understanding of Cd 42 

isotope fractionation behavior affected by iron (oxyhydr)oxides in Earth’s critical zone, 43 

and demonstrate that interactions with minerals can obscure anthropogenic and natural 44 

Cd isotope characteristics, which should be carefully considered when applying Cd 45 

isotopes as environmental tracers. 46 

 47 

KEYWORDS: Metal (oxyhydr)oxides, Heavy metal isotopes, Adsorption, 48 

Coprecipitation, Mineral transformation, Extended X-ray absorption fine structure 49 

spectroscopy 50 
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SYNOPSIS 51 

The widespread iron (oxyhydr)oxides in Earth’s critical zone play an important role in 52 

Cd isotope fractionation behaviors.  53 

 54 
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INTRODUCTION 72 

Cadmium (Cd) is a highly toxic and carcinogenic heavy metal for humans without 73 

a safe exposure limit.1-3 Risk prediction and remediation of anthropogenic Cd pollution 74 

in terrestrial environments requires a fundamental understanding of its geochemical 75 

cycling. Recently, Cd isotope signatures have been increasingly applied to understand 76 

biogeochemical reactions and fingerprint Cd sources and fate in contaminated 77 

ecosystems.4-9 However, this promise is hampered as multiple processes can cause 78 

heavy metal isotope fractionation, such as adsorption onto mineral surfaces,9,10 79 

coprecipitation with minerals,11,12 complexation by inorganic13 or organic ligands14,15, 80 

membrane protein transport in plants16 and weathering9,17. Among these processes, 81 

adsorption and coprecipitation on mineral surfaces or structural incorporation into 82 

mineral lattices are of much importance, which are the well-known association 83 

mechanisms of heavy metals with minerals, particularly for Cd, Zn and Ni.10,18-30 84 

Metal isotope fractionation during adsorption onto mineral surfaces can be 85 

affected by mineral phases, pH, ionic strength (IS), surface loading and reaction time. 86 

Following an equilibrium isotope fractionation, Zn adsorbed on Fe (oxyhydr)oxides is 87 

enriched in heavy isotopes; and the fractionation magnitude on ferrihydrite is stronger 88 

than that on goethite.20 In synthetic seawater, birnessite (a Mn oxide) also retains heavy 89 

Zn isotopes, with the fractionation magnitude decreasing with increasing surface 90 

loading or decreasing IS.31 Light Ni isotopes are preferentially adsorbed onto Fe 91 

(oxyhydr)oxides with the fractionation magnitude on goethite much larger than that on 92 
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ferrihydrite.19,21 Finally for Cd, birnessite was reported to preferentially adsorb light Cd 93 

isotopes, with the fractionation magnitude increasing with increasing IS but decreasing 94 

with reaction time.10  
95 

Metal incorporation into the mineral structure can also induce isotope fractionation, 96 

generally following a kinetic fractionation mechanism. Incorporation of Zn into the 97 

calcite lattice during coprecipitation preferentially enriches heavy isotopes.32 98 

Additionally, the isotope fractionations of metal may behave inversely when interacting 99 

with different minerals. Heavy Ni isotopes incorporate into birnessite layers as a result 100 

of adsorption at pH 8.2,22 however, its coprecipitation with ferrihydrite shows 101 

indistinguishable fractionations from that caused by adsorption, i.e., enriching light 102 

isotopes in the solids19. During Cd precipitation with sulfur (S), light Cd isotopes are 103 

sequestered in CdS.12 Substitution of Cd for calcite lattice Ca during the crystal growth 104 

in freshwater does not lead to Cd isotope fractionation, but in artificial seawater light 105 

Cd isotopes are enriched in solid.11,33,34  106 

According to the isotope fractionation theory,35 heavy isotopes tend to be 107 

concentrated in chemical species forming the stiffest bonds with short bond lengths. 108 

Heavier Zn isotopes in [ZnO4] compared to [ZnO6] during Zn adsorption onto Fe/Mn 109 

(oxyhydr)oxides can be well explained by the substantially shorter Zn-O bond length 110 

in the former.18,20,31 Formation of Zn inner-sphere complexes on kaolinite edge sites at 111 

high pH and IS results in a larger fractionation than that during the formation of outer-112 

sphere complexes on the basal planes at low pH and IS.29 Additionally, the distortion 113 

of metal octahedron after adsorption makes the metal-O bond less stiff, and can also 114 
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lead to the enrichment of light isotopes.10,19 Furthermore, in solution, complexation by 115 

inorganic or organic ligands can induce fractionation among various aqueous species, 116 

which have different adsorption behaviors on mineral surfaces, and thus affect the 117 

overall isotope fractionation.36 Theoretical calculations showed that successively 118 

increasing the number of water molecules of the Cd hydration complexes from 4 to 6 119 

favors heavy isotopes. Replacement of the coordinated water molecules around metal 120 

by Cl and S gradually makes the complexes lighter but O or N makes the complexes 121 

heavier 13,14,37-39 (Table S1).  122 

Iron (oxyhydr)oxides are common minerals in soils and sediments and mediate the 123 

geochemical behaviors of metal pollutants, especially in tropical and subtropical 124 

regions. Despite the fact that Cd is primarily associated with Fe (oxyhydr)oxides in 125 

these environments,9,40 no study so far has investigated Cd isotope fractionation 126 

behavior during adsorption and structural incorporation. The objectives of the present 127 

study are to determine 1) the direction and magnitude of Cd isotope fractionation during 128 

adsorption on different Fe (oxyhydr)oxides (goethite, hematite and ferrihydrite), 2) the 129 

effects of pH, IS and initial Cd concentrations on adsorption-induced fractionation, and 130 

3) the Cd isotope fractionation during incorporation into goethite.  131 

MATERIALS AND METHODS 132 

Reagents. All reagents were used as received and detailed information is provided 133 

in the Supporting Information (SI). The Cd isotopic composition of Cd(NO3)2·4H2O 134 
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used for the Cd-doped goethite synthesis is 0.48 ± 0.01‰ relative to NIST SRM 3108 135 

Cd standard (std) according to eq. 1: 136 

δ114/110Cd = [(114Cd/110Cd)sample

(114Cd/110Cd)std

− 1] × 1000  (1) 

while the Cd ICP standard used for the adsorption experiments has a δ114/110Cd of -1.71 137 

± 0.04‰.   138 

Synthesis and Characterization of Iron (Oxyhydr)oxides. Two-line ferrihydrite 139 

(2LFh), goethite (Goe) and hematite (Hem) were synthesized according to Cornell and 140 

Schwertmann (2003).41 Ferrihydrite was synthesized by adding 330 mL of 1 M KOH 141 

solution to 500 mL of 0.1 M Fe(NO3)3·9H2O solution with a drop rate of 1 mL·min-1 
142 

under stirring until the solution pH reached 7-8, and then the pH was maintained for 1 143 

h by the addition of KOH solution. Goethite was synthesized by adding 180 mL of 5 M 144 

KOH solution to 100 mL of 1 M Fe(NO3)3·9H2O solution. The obtained suspension 145 

was diluted to 2 L with ultrapure water under stirring, and then sealed and aged at 70 146 

oC for 60 h after the pH was adjusted to >13. Hematite was synthesized by slowly 147 

adding 60 mL of 1 M Fe(NO3)3·9H2O solution to 750 mL boiling ultrapure water at a 148 

rate of 0.5 mL·min-1 under stirring. After synthesis, the solids were centrifuged, freeze-149 

dried and then stored at 4 oC. The purity of the obtained solids was confirmed by powder 150 

X-ray diffraction (XRD) (Fig. S1 and Table S2), while the sample morphologies were 151 

measured by electron microscopy (Fig. S2, S3 and Table S3). Goe, Hem and 2LFh have 152 

N2-BET specific surface areas of 37, 56 and 256 m2·g-1 and points of zero charge (PZCs) 153 

of ~9.7, ~9.8 and ~8.5, respectively (Fig. S4).    154 
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Coprecipitation Experiments. Cd-Fe coprecipitates were obtained by adding 155 

Cd(NO3)2 into Fe(NO3)3 solution in acid-cleaned 1 L Teflon bottles and adjusting the 156 

pH to >13 prior to aging at 70 oC. After aging for 12 and 60 h, 50 mL of the solid and 157 

supernatant were collected. The obtained solids were named as 5CdGoe_12h and 158 

5CdGoe_60h. These solids were subsequently treated with 50 mL 0.2 M oxalic acid for 159 

2 h to remove poorly crystalline phases. As-obtained solids were labeled as 160 

5CdGoe_12h_o and 5CdGoe_60h_o. Then these solids were further treated with 50 mL 161 

0.4 M HNO3 for 0.5 h to remove small goethite particles and/or Cd2+ adsorbed on 162 

mineral surfaces.27 The finally obtained solids were named as 5CdGoe_12h_n and 163 

5CdGoe_60h_n. The detailed procedure is depicted in Fig. S5a. Quantitative phase 164 

analysis of the solids was conducted using the TOPAS software (DIFFRACplus TOPAS 165 

version 4.2, Bruker-AXS)27 (Fig. S5c). The obtained solids and supernatants were used 166 

for the Cd isotope analysis.  167 

Adsorption Experiments. For adsorption kinetics, 22.2, 44.5 or 89 µM Cd2+ was 168 

reacted with 1 g∙L-1 Goe or Hem, or 0.5 g∙L-1 2LFh in 0.05 M KNO3 at pH 7 for 48 h, 169 

and aliquot suspensions were collected at predetermined time intervals (Table S4). 170 

Adsorption edges were measured over pH 4-8 for 24 h (Table S5). Adsorption 171 

isotherms were carried out with initial Cd2+ concentrations of 0 - 89.0 µM for Goe or 172 

Hem and 0-177.9 µM for 2LFh at pH7 for 24 h (Table S5, S6). Prior to mixing with 173 

Cd2+ solution, the solids were hydrated in background electrolyte for 24 h. Low (0.05 174 

M) and high (0.36 M) IS were used to determine the IS effects on Cd2+ adsorption and 175 
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associated isotope fractionation, and NO3
- was used rather than Cl- because the former 176 

is more common in soil and aquatic systems. 177 

In all experiments, Cd2+ was added to the mineral suspensions to obtain a similar 178 

surface coverage but prevent Cd precipitation.42 The suspension pH was maintained via 179 

adding 1 M HNO3 or KOH. At the end of the reactions, the solids and solution were 180 

separated through 0.2-μm cellulose membranes. To remove dissolved Cd, the selected 181 

Cd-loaded solids (Table S7) were immediately washed sequentially with background 182 

electrolyte and ultrapure water, the pH of which were adjusted to that used for 183 

adsorption experiments.20 The cleaned solid (labeled as CdMineral_initial Cd 184 

concentration_reaction pH) was collected with membrane filtration, sealed with Kapton 185 

tape, and stored at 4 oC within 24 h prior to Cd K-edge extended X-ray absorption fine 186 

structure (EXAFS) analysis. For the isotope analysis, experiments of selected pH edge 187 

and isotherms (Table S8) were re-conducted in acid-cleaned Teflon vials in the same 188 

way as described above.  189 

The Cd concentrations in solutions and solids after digestion were determined 190 

using a flame or graphite furnace atomic absorption spectrometer (FAAS or GFAAS, 191 

Agilent Technologies 200 Series AA or GTA 120 Graphite Tube Atomizer), depending 192 

on Cd concentrations. The detection limit for FAAS is 6.77 μg∙L-1 and the uncertainty 193 

is 0.3% while those for GFAAS are 0.06 μg∙L-1 and 2.7% respectively. Control 194 

experiments with no Cd2+ addition to Goe suspension gave a Cd concentration of 7.35 195 

± 0.07 μg∙L-1 by FAAS. As the latter value was substantial, it was subtracted from 196 

sample Cd concentrations. Duplicate or triplicate experiments were carried out to 197 
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ensure reproducibility.  198 

Cadmium Isotopes Analysis. Sample solutions were evaporated and the solids of 199 

the coprecipitation and adsorption experiments (with membrane) were digested prior to 200 

isotope analysis. 201 

About 600 ng Cd of each sample was weighed and placed into Teflon beakers, and 202 

then mixed with 0.6 mL of 1 mg·L-1 111Cd-110Cd double spike solution to achieve a Cd 203 

spike–sample ratio of ~1. Detailed information on the double spike solution, sample 204 

digestion and Cd chemical purification was reported in our previous studies,43,44 and 205 

the Cd recovery rate was > 95% for all samples.   206 

Cadmium isotopic ratios were measured using a Thermo Scientific Neptune plus 207 

MC-ICP-MS with a Ni ‘Standard’ sampler and Ni ‘x-type’ skimmer cones at the State 208 

Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, CAS. A 209 

nebulizer–spray chamber (with an uptake rate of ∼50 μL·min-1) was used as sample 210 

introduction system and the low-resolution entrance slit was chosen throughout the 211 

analysis. The instrumental baseline and peak center were done before each sample 212 

(standard) analysis. Each measurement included 60 integrations of 4.194 s in 2 blocks 213 

of 30 cycles, and we also measured 105Pd at every start of 10 cycles with integrations of 214 

2.097 s, followed by a 120 s washing with 5 % HNO3 to lower the Cd signal to the 215 

original background level (< 0.1 mV). The instrumental sensitivity was about 28 V/ppm. 216 

In this study, the double spike method was employed to correct the mass bias. All 217 

samples and bracketing reference solutions were diluted to 400 ng·mL-1 (sample (200 218 

ng·mL-1) + double spike (200 ng·mL-1)) within a 10 % difference.45  219 
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Using a MATLAB-based script and the measured double-spike data, Cd isotope 220 

compositions of samples and standards were calculated.43 The NIST SRM 3108 Cd (lot 221 

no. 130116) was used as a zero reference standard. The JMC (lot no.74-075219k) and 222 

Nancy Spex Cd solution (CRPG, France), as well as a solid Cd isotope reference (NOD-223 

P-1, manganese-nodule), were additionally used as secondary reference standards. The 224 

measured values for JMC Cd (δ114/110Cd = -1.68 ± 0.08 ‰; 2SD, n=4), Nancy Spex Cd 225 

(δ114/110Cd = -0.11 ± 0.06 ‰; 2SD, n=4) and NOD-P-1 (δ114/110Cd = 0.13 ± 0.08 ‰; 226 

2SD, n=2) agreed well with previous results.43,46 The long-term reproducibility of this 227 

method was better than ±0.08‰ (2SD; N=20) with δ114/110CdNancy-Spex values ranging 228 

from -0.08 to -0.15‰. The isotopic fractionation of Cd (Δ114/110Cdsolid‑solution) between 229 

adsorbed phase and aqueous phase is defined as eq. 2: 230 

∆114/110Cdsolid-solution =δ114/110Cdsolid − δ114/110Cdsolution  (2) 

EXAFS Data Collection and Analysis. The Cd K-edge EXAFS spectra were 231 

collected on beamline BL14W1 at Shanghai Synchrotron Radiation Facility (SSRF) at 232 

room temperature.27 Cadmium-containing samples (0.9-4.4 wt.% Cd) and 50 mM 233 

Cd(NO3)2 solution were measured with a Si (311) double-crystal monochromator in 234 

fluorescence mode while β-Cd(OH)2 in transmission mode. A silver metal foil was used 235 

for energy calibration (25529 eV). The data processing was performed using the 236 

IFEFFIT software.47 The parameters for background removal were: E0=26714 eV, k-237 

weight=2 and Rbkg=1.0. Structural parameters (R, CN, and σ2) were obtained by fitting 238 

the experimental k3-weighted spectra to the standard equation.48 FEFF7 was used to 239 

calculate the phase and amplitude functions for single-scattering paths,49 based on 240 
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structure models of Cd-doped goethite (ICSD 71810) and ferrihydrite (ICSD 158475). 241 

An amplitude reduction factor (S0
2) of 0.95 was adopted from a previous study.50 242 

During the EXAFS analysis, the first Cd-O shell fitting was conducted assuming a 243 

Gaussian or a non-Gaussian distribution model, with a third cumulant in the latter to 244 

account for the asymmetry of [CdO6] octahedron.51,52 More details are provided in the 245 

SI.  246 

RESULTS 247 

Macroscopic Cd2+ Adsorption Behavior. Iron (oxyhydr)oxides have high 248 

adsorption reactivity towards Cd2+. The adsorption edges, kinetics and isotherms show 249 

similar patterns for the three mineral phases (Fig. 1). Adsorption occurs rapidly initially 250 

and then increases slowly during the first 12 h. After 24 h, pseudo equilibria were 251 

reached and the Cd adsorption densities remain almost constant. After 48 h, the Cd2+ 252 

adsorption density on 2LFh is 1.7-2 times that on Hem or Goe (Fig. 1a), owing to the 253 

higher initial Cd2+ concentration and lower mineral concentration (Table S4). With 254 

increasing pH, Cd2+ adsorption increases slightly below pH6.0 but dramatically over 255 

pH6.0−8.0 (Fig. 1b, Table S5), characteristic of Cd2+ adsorption on Fe 256 

(oxyhydr)oxides.53-55 Further, Cd2+ adsorption increases with increasing initial Cd2+ 257 

concentration (Fig. 1c-e). The maximum Cd2+ adsorption densities obtained by 258 

Langmuir isotherm fitting, are 1.12 and 1.23 μmol·m-2 for Goe, 0.89 and 0.57 μmol·m-
259 

2 for Hem, and 1.21 and 1.10 μmol·m-2 for 2LFh at low and high IS, respectively (Table 260 

S6).  261 
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Cadmium Binding Environments in Adsorbed and Coprecipitated Samples. 262 

The k3-weighted Cd K-edge EXAFS spectra and the corresponding Fourier transforms 263 

(FTs) of Cd-loaded 2LFh samples are distinct from those of Cd(NO3)2 solution and β-264 

Cd(OH)2 (Fig. S6), indicating the formation of inner-sphere complexes on 2LFh 265 

surfaces without precipitation of Cd hydroxide. For the adsorption samples, including 266 

a third cumulant in the first shell of the EXAFS fitting (Fig. S6 and Table 1) improves 267 

the fitting quality by reducing χ2 and R-factor by 5-42% compared to that without a 268 

third cumulant (Fig. S7 and Table S6). Thus, a third cumulant is included for spectral 269 

fitting of all samples and standards. The EXAFS fitting demonstrates an average Cd-O 270 

distance of 2.29 ± 0.02 Å in Cd(NO3)2 solution, consistent with previously reported 271 

values.24,56,57 β-Cd(OH)2 has a Cd-O bond length of 2.31 ± 0.02 Å in the [CdO6] unit 272 

and an edge-sharing Cd-Cd distance of 3.51 ± 0.01 Å, which also agree with 273 

literatures.25,27 For the Cd-adsorbed 2LFh samples, the Cd-O distances are 2.28-2.32 Å. 274 

Only one Cd-Fe shell with distances ranging from 3.31-3.36 Å is needed to fit the R+∆R 275 

~ 2.9 Å peak, suggesting Cd2+ mainly exists as bidentate edge-sharing complexes.24 276 

Moreover, these distances are almost constant independent of pH or surface loading, 277 

suggesting the formation of the same type of surface complexes.  278 

TEM and powder XRD analyses show that the Cd-Fe coprecipitates aging at 70 279 

oC for 12 and 60 h are mixtures of ferrihydrite and goethite. A XRD quantitative phase 280 

analysis shows that 5CdGoe_12h and 5CdGoe_60h contain 76.1 ± 2.3% and 7.1 ± 2.5% 281 

ferrihydrite, respectively (Fig. S5c). The oxalate removes all ferrihydrite and 282 

subsequent HNO3 treatment removes Cd2+ adsorbed on goethite surfaces, yielding pure 283 
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Cd-doped goethite (Fig. S5b,c). The oxalate treatment removes 84.9 ± 0.8% Cd and 284 

84.3 ± 0.4% Fe from 5CdGoe_12h, and 27.9 ± 0.2% Cd and 14.1 ± 0.1% Fe from 285 

5CdGoe_60h (Fig. S5a). These contents of Fe dissolved are consistent with the 286 

ferrihydrite proportions determined by XRD analysis. The HNO3 treatment removes 287 

12.7 ± 0.1% Cd and 12.8 ± 0.0% Fe from Fe5CdGoe_12h_o, and 2.2 ± 0.0% Cd and 288 

1.0 ± 0.0% Fe from 5CdGoe_60h_o (Fig. S5a). All the solids obtained have Cd/Fe 289 

molar ratios of ~0.05. The lattice parameters of Cd-doped goethites determined by 290 

Rietveld structure refinement58 are expanded compared to those of Goe (Table S2), 291 

suggesting the incorporation of Cd into the goethite lattice27,59. This is further confirmed 292 

by EXAFS analysis. The EXAFS oscillation of 5CdGoe_60h_n has a special feature at 293 

~ 6.4 Å-1 (array in Fig. S6A), characteristic of Cd-doped goethite.25,57 The EXAFS 294 

fitting indicates a Cd-O distance of 2.29 ± 0.06 Å and a Cd-Fe distance of 3.07 ± 0.04 295 

Å. The later distance corresponds to the Cd-Fe pairs between edge-sharing [CdO6] and 296 

[FeO6] units along the c axis in the Cd-doped goethite structure.25,60  297 

Isotopic Behavior of Cd2+ during Adsorption on Fe (oxyhydr)oxides. The 298 

isotopic compositions (δ114/110Cd) of dissolved and adsorbed Cd2+ during isotherm 299 

adsorption indicate light Cd isotopes are preferentially adsorbed on the solids (Fig. 2, 300 

Fig. S8a-c and Table S8). The isotope fractionations (∆114/110Cdsolid-solution) vary from -301 

0.63 ± 0.02‰ to -0.47 ± 0.03‰ for Goe, and from -0.45 ± 0.05‰ to -0.35 ± 0.06‰ for 302 

2LFh at low IS. While IS affects the Cd2+ adsorption density on Hem (Fig. 1), the 303 

isotope fractionations at low (-0.55 ± 0.11‰, n=7) and high IS (-0.52 ± 0.06‰, n=3) 304 
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are statistically the same. pH does not affect the fractionation magnitude, either (Fig. 2, 305 

Fig. S8d-f, S9).    306 

The δ114/110Cd values represented as a function of Cd adsorbed fractions (f) are 307 

used to identify whether isotopic equilibrium is attained between adsorbed and aqueous 308 

Cd2+ (Fig. 2). Both the equilibrium model, where adsorbed Cd isotopically exchanges 309 

with aqueous Cd in a closed system (eq. 3), and the Rayleigh model, where the adsorbed 310 

Cd is isolated from isotopic exchange (eq. 4), were used to fit the data:  311 

δ114/110Cdsolution = δ114/110Cdstock − 1000 ∙ 𝑓 ∙ (αsolid-solution − 1)1 − 𝑓 + (𝑓 ∙ αsolid-solution)  (equilibrium model) (3) 

δ114/110Cdsolution=(1000 + δ114/110Cdstock)∙(1 − 𝑓)(αsolid-solution−1) − 1000 (Rayleigh model) (4) 

where αsolid-solution denotes the isotope fractionation factor between dissolved and 312 

adsorbed Cd, and δ114/110Cdstock is the measured value for stock solution. 313 

The equilibrium model fits the data much better than the Rayleigh model, 314 

confirming an equilibrium isotopic exchange process (Fig. 2). The fractionation factors, 315 

obtained by averaging the two values determined from δ114/110Cd in solution and in solid 316 

separately using the equilibrium model, are 0.99949 ± 0.00004, 0.99946 ± 0.00010 and 317 

0.99945 ± 0.00003 for Goe, Hem and 2LFh, respectively. According to αsolid-solution, the 318 

isotopic fractionation between adsorbed and dissolved Cd can be calculated by eq. 5: 319 

∆114/110Cdsolid-solution ≅ 1000 × lnαsolid−solution  (5) 

The theoretical ∆114/110Cdsolid-solution values are -0.51 ± 0.04‰, -0.54 ± 0.10‰ and -0.55 320 

± 0.03‰ for Goe, Hem and 2LFh, respectively.  321 

Isotopic Behavior During Cd2+ Coprecipitation with Goethite. The isotope 322 

composition analysis (Fig. 3) demonstrates that δ114/110Cdsoild-solution of 5CdGoe_12h and 323 
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the solution are 0.44 ± 0.07‰ and 0.64 ± 0.08‰, respectively. After aging for additional 324 

48 h, the δ114/110Cd for 5CdGoe_60h becomes 0.50 ± 0.03‰ while that in the solution 325 

substantially decreases to 0.24 ± 0.01‰. After the oxalate treatment of 5CdGoe_60h, 326 

δ114/110Cd in the solution (oxalate) decreases to 0.08 ± 0.00‰ while that in the solid 327 

(5CdGoe_60h_o) increases to 0.65 ± 0.03‰. The subsequent HNO3 treatment of 328 

5CdGoe_60h_o results in a slight increase of δ114/110Cd in the solution (HNO3) and an 329 

almost unchanged δ114/110Cd (0.62 ± 0.04‰) in the obtained 5CdGoe_60h_n.  330 

Further, the isotope fractionation magnitude during Cd incorporation into goethite 331 

lattice was calculated. Since all Cd is transferred to the solid (Fig. 3a and Fig. S5a), the 332 

isotope signals recorded during this process are listed in eqs. 6-7:     333 

δ114/110Cdstock solution = f1×δ114/110Cdadsorbed_ferrihydrite + f2×δ114/110CdHNO3 + f3×δ114/110Cd5CdGoe_60h_n   (6) 

Δ114/110Cdstock solution = 0 = f1×Δ114/110Cdadsorbed_ferrihydrite + f2×Δ114/110CdHNO3 + f3×Δ114/110Cd5CdGoe_60h_n   (7) 

Where f1, f2 and f3 are the fractions of Cd adsorbed on the ferrihydrite phase that was 334 

removed by the oxalate treatment of 5CdGoe_60h, adsorbed on the goethite surfaces 335 

that was removed by the HNO3 treatment of 5CdGoe_60h_o and that incorporated into 336 

the 5CdGoe_60h_n mineral lattice, respectively. However, based on the mass balance 337 

for 5CdGoe_60h, f2 (1.59 ± 0.01%) is negligible. The δ114/110Cdadsorbed_ferrihydrite is 0.08 338 

± 0.00‰, and the adsorption-induced Cd fractionation on 2LFh (-0.55 ± 0.03‰) 339 

determined in the adsorption experiments can be used for Δ114/110Cdadsorbed_ferrihydrite. 340 

Based on eqs. 6-7, the δ114/110Cd5CdGoe_60h_n and Δ114/110Cd5CdGoe_60h_n are calculated to 341 

be 0.65 ± 0.01‰ and 0.22 ± 0.01‰, of which the former agrees well with the measured 342 
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value for 5CdGoe_60h_n (Fig. 3a and Fig. S5a). All these results clearly confirm that, 343 

incorporation of Cd into goethite lattice substantially enriches heavy Cd isotopes. 344 

DISCUSSION 345 

Cadmium Isotope Fractionation During Adsorption onto Iron 346 

(Oxyhydr)oxides. Heavy isotopes are generally enriched in substances with stronger 347 

bonds and shorter bond lengths10,35, such as the enrichment of heavy Zn and Cu isotopes 348 

on solids during adsorption on Fe and Al oxides20,61. In contrast, the present study 349 

shows the preferential adsorption of light Cd2+ isotopes onto Fe (oxyhydr)oxides. A 350 

similar phenomenon was observed for Ni2+ adsorption on Fe oxides,19 in which 351 

distortion of adsorbed [NiO6] was proposed to account for the apparent anomaly. [CdO6] 352 

distortion during adsorption on manganite was also previously proposed based on 353 

EXAFS analysis.52 The present Cd K-edge EXAFS fittings with the third cumulant 354 

greatly improve the fit quality compared to that without the third cumulant, and both 355 

demonstrate almost the same structural parameters for Cd(NO3)2 or β-Cd(OH)2, 356 

confirming the regular [CdO6] structure.52 However, the first Cd-O shell distances in 357 

the Cd adsorbed samples derived from fitting with a third cumulant (2.28-2.32 Å) are 358 

substantially longer than those obtained without a third cumulant (2.24-2.26 Å). 359 

Additionally, the third cumulants, which are measures of disorder,52 for Cd-sorbed 360 

samples (0.0007-0.0011) are larger than those for Cd(NO3)2 and β-Cd(OH)2 (0.0003-361 

0.0004). We thus conclude that [CdO6] adsorbed on these Fe (oxyhydr)oxide surfaces 362 
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is highly distorted (Table 1), which probably accounts for the enrichment of light Cd 363 

isotope on the solids.  364 

The fractionation magnitude of Zn or Ni during adsorption on Fe (oxyhydr)oxides 365 

depends on the mineral phases involved.20,21 In contrast, our results show that Cd 366 

adsorptions on Goe, Hem and 2LFh result in the same fractionation magnitudes. The 367 

differences in isotope fractionations for Cd compared to Zn and Ni during adsorption 368 

on Fe (oxyhydr)oxides can be understood by considering their different metal 369 

adsorption mechanisms. For example, the tetrahedral coordination of adsorbed Zn on 370 

ferrihydrite results in a larger Zn fractionation than during the octahedral coordination 371 

of adsorbed Zn on goethite20, whereas a stronger Ni complexation on ferrihydrite than 372 

on goethite results in smaller Ni fractionation by ferrihydrite than by goethite.21 373 

However, in comparison with the first-row transition metals, Cd2+ may be more prone 374 

to form outer-sphere complexes.15, 62, 63 Ionic strength affects Cd adsorption on the three 375 

Fe (oxyhydr)oxides with a stronger effect on Hem than on Goe and 2LFh, suggesting 376 

the possible formation of outer-sphere complexes on Hem. The Cd inner-sphere 377 

complexes formed on Hem are probably also different from those on Goe and 2LFh. 378 

Indeed, the geometry of adsorbed Cd on 2LFh, as measured in the present study, is 379 

similar to those of adsorbed Cd on goethite reported previously.24,25,64-66 No EXAFS 380 

information for Cd adsorption on hematite is available yet. However, crystallographic 381 

studies demonstrate that, goethite needles and hematite cubic particles expose different 382 

facets, which have different surface charge properties, and thus possess different cation 383 

adsorption characteristics.67-69 Though both outer- and inner-spherical complexation of 384 
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Cd can induce isotope fractionations,15,29 the observed same Cd isotope fractionation 385 

magnitudes on these Fe (oxyhydr)oxides clearly suggest that the types of Cd binding 386 

complexes do not impact the final isotope fractionations.  387 

Further, though high IS suppresses Cd adsorption on Hem, the Cd isotope 388 

fractionation magnitudes on Hem at high and low IS conditions are almost the same, 389 

which is different from that during Zn and Cd adsorption onto Mn oxides.10,31 390 

Calculations of aqueous Cd speciation at low and high KNO3 concentrations using 391 

Visual MINTEQ 3.170 indicate Cd occurs dominantly as Cd(H2O)6
2+ (86%) with 13% 392 

Cd(NO3)(H2O)5
+ at low IS, and Cd(H2O)6

2+ and Cd(NO3)(H2O)5
+ are almost equal (48% 393 

vs. 45%) at high IS. However, the reduced partition function ratios 103ln(β114−110) for 394 

Cd(NO3)(H2O)5
+ and Cd(H2O)6

2+ are almost similar (2.323 ± 0.034 vs. 2.299 ± 0.028) 395 

(Table S1),13 thus the increase in the proportion of the former with increasing IS has 396 

almost no effect on Cd isotope fractionation magnitude during adsorption on Hem. This 397 

suggests that the changes in aqueous speciation also have no effect on the final Cd 398 

isotope fractionation. Conclusively, during Cd2+ adsorption onto these Fe 399 

(oxyhydr)oxides, the fractionation magnitudes and the fractionation mechanism ([CdO6] 400 

distortion) are independent of the types of Cd binding sites on minerals and 401 

environmental conditions.     402 

Cadmium Isotope Fractionation During Coprecipitation with Goethite. 403 

Almost all Cd is retained in 5CdGoe_12h and 5CdGoe_60h, thus the δ114/110Cd of these 404 

solids are equal to the Cd stock solution (0.48 ± 0.01‰) (Fig. 3 and Fig. S5a). Oxalate 405 

treatment of 5CdGoe_60h removes all the Cd associated with ferrihydrite. This leads 406 
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to the decrease of the δ114/110Cd value in the resulting solution, which is consistent with 407 

the expected fractionation as this part of Cd is probably adsorbed on ferrihydrite27 and 408 

thus has a large negative fractionation according to the results of adsorption-induced 409 

Cd isotope fractionation on ferrihydrite (Fig. 2). Further treating 5CdGoe_60h_o with 410 

HNO3 removes Cd adsorbed on goethite particles.27 The extracted solution is enriched 411 

in light isotopes compared to 5CdGoe_60h_o. This is also consistent with the expected 412 

fractionation as the Cd adsorbed on goethite is enriched in light isotopes (Fig. 2).           413 

Several studies have reported isotope fractionation induced by metal incorporation 414 

into mineral structures. This may predominantly involve two mechanisms: preferential 415 

retention of one species in the mineral after isotopic exchange equilibrium among 416 

various aqueous species, and direct preferential enrichment of one aqueous isotope 417 

owing to, for example, coordination chemistry differences or kinetic effects. Light Cd 418 

isotopes are enriched in the solid during CdS precipitation, which is controlled by the 419 

isotope equilibrium between aqueous Cd species.12 During Cd incorporation into 420 

calcite in artificial seawater, light isotopes are preferred in the solid following a kinetic 421 

isotope effect, ascribing to the retardation of crystal growth and Cd uptake caused by 422 

overwhelming occupancy of the active surface sites by the major ions (particularly Na+ 423 

and K+).11 Recently, aqueous Zn2+ was reported to firstly adsorb onto calcite growth 424 

sites by forming tetrahedral inner-sphere complexes enriching heavy isotopes and then 425 

incorporate into the crystal lattice by increasing the coordination number to 6 without 426 

further isotope fractionation34.  427 
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We obtain a ∆114/110Cdsolid-solution of ~0.22‰ for incorporation of Cd into the 428 

goethite structure. Goethite formation from ferrihydrite likely involves formation of 429 

reactive and labile small ferrihydrite particles and subsequent dissolution to provide 430 

dissolved Fe3+ for goethite crystallization in bulk solution,41,71-73 which can be divided 431 

into two stages (Fig. 3b):  432 

In stage 1 (0-t2 in Fig. 3b), coprecipitation of Cd with Fe at a high OH- 433 

concentration probably sequesters all the Cd and Fe into ferrihydrite at time t2.73 The 434 

δ114/110Cd of the “absolutely pure” ferrihydrite should be ~0.48‰, while that in the 435 

corresponding equilibrium solution should be larger than 0.64‰. The enrichment of 436 

heavy isotopes in this solution probably results from a kinetic isotope effect in that the 437 

presence of 0.45 M K+ in the initial reactant blocks the active sites on the primary Fe 438 

(oxyhydr)oxide nanoparticles, and lighter isotopes are adsorbed faster by the solid.11,73 439 

However, this kinetic effect is progressively removed within few hours (t1 in Fig. 3b).10 440 

Further, the formed ferrihydrite particles greatly adsorb light Cd isotopes through the 441 

whole stage 1 (0-t2 in Fig. 3b), and thus leave heavy isotopes in solutions, according 442 

to the results of Cd isotope fractionation during adsorption experiments (Fig. 2). 443 

Subsequently, stage 2 (t2-60 h in Fig. 3b) starts. Ferrihydrite particles slowly 444 

dissolve, releasing soluble Fe and Cd species into the solution. The Cd released is 445 

expected to be relatively heavy isotopically, based on the fact that many weathering 446 

processes of Cd-containing minerals preferentially release heavy isotopes into the 447 

fluids4,17,46 and that the remaining ferrihydrite retains light isotopes. As the dissolved 448 

Fe units ([Fe(OH)4]-)41,73 nucleate and grow to less soluble goethite, monovalent Cd 449 
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species ([Cd(OH)3]-) in solution, which are the most suitable growth units41 and enrich 450 

heavy isotopes13, interact with the goethite growth sites via ion-by-ion attachment34. 451 

This leads to the enrichment of heavy Cd isotopes in the goethite structures. The slow 452 

dissolution of ferrihydrite results in the coexistence of goethite and ferrihydrite 453 

particles in this stage. This is confirmed by the powder XRD quantitative phase 454 

analysis and TEM of 5CdGoe_12h and 5CdGoe_60h (Fig. S5b,c). The part of Cd 455 

associated with ferrihydrite particles in these solids is probably enriched in light 456 

isotopes, as evidenced by the isotope composition of the resulting solution after 457 

treatment of 5CdGoe_60h with oxalate (Fig. 3a). In contrast, the goethite particles in 458 

the solids during this stage retain heavy Cd isotopes. This is convincingly supported 459 

by the isotope composition analysis of 5CdGoe_60h_o and 5CdGoe_60h_n (Fig. 3a), 460 

which are pure Cd-doped goethites (Fig. S5b,c).             461 

In conclusion, enrichment of heavy Cd isotopes in Cd-doped goethite crystals is 462 

achieved probably during the ferrihydrite dissolution-goethite crystallization processes. 463 

Though the enrichment of heavy isotopes by incorporation into the Mn oxide structure 464 

is also observed for Ni, the fractionation magnitude is not given.22 All these results 465 

suggest that the incorporation of octahedrally coordinated cations into Fe/Mn 466 

(oxyhydr)oxides enriches heavier isotopes relative to solutions. Nonetheless, the metal 467 

isotope fractionation behaviors and mechanisms in these processes are worthy of 468 

further study.  469 

ENVIRONMENTAL IMPLICATIONS 470 
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Cadmium isotope composition reflects Cd geochemical cycling and helps track Cd 471 

anthropogenic sources.3,16,74,75 However, based on previous research with other metals, 472 

interactions with minerals are likely to affect Cd isotope compositions in environmental 473 

systems. To the best of our knowledge, the present study is the first to investigate Cd 474 

isotope fractionation during adsorption on and isomorphous substitution in Fe 475 

(oxyhydr)oxides. Preferential adsorption of light Cd isotopes onto Fe (oxyhydr)oxides, 476 

as well as on Mn oxides10 and humic acids15, explains the enrichment of light isotopes 477 

in soils and sediments relative to the fluids.3,4,9,46,76 Considering the high abundance of 478 

Fe (oxyhydr)oxides in tropical and subtropical soils,9,40 they probably play an important 479 

role in controlling Cd isotope characteristics as other soil components, e.g., clays, Mn 480 

oxides and organic matters. Our results suggest that the enrichment of lighter Cd 481 

isotopes in Fe-Mn nodules in the lower layers of soil profiles compared to the 482 

surrounding soils observed previously9 is likely to be caused by enrichment of light Cd 483 

isotopes on goethite surfaces in the nodules. Our study also suggests that Fe 484 

(oxyhydr)oxide transformation between different phases can also result in Cd isotope 485 

fractionation. These geochemical processes greatly complicate the potential use of Cd 486 

isotopes to identify Cd sources.9,77 Our results are consistent with the recently proposed 487 

ferrihydrite dissolution-goethite crystallization mechanism, and suggest that metal 488 

isotope fractionation behavior by adsorption or coprecipitation with minerals provides 489 

insights into mineral transformation pathways and mechanisms that are hard to 490 

elucidate with other techniques73. Future studies are warranted, including 491 
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coprecipitation of different heavy metals with Fe minerals and investigations into the 492 

effects of prolonged aging, ligands and temperature. 493 
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 772 

Fig. 1 Macroscopic adsorption behavior of Cd2+ on Goe, Hem and 2LFh under different 773 

reaction conditions. (a) Adsorption kinetics at pH 7 ± 0.05 with a duration time of 48 774 

h. (b) Sorption edges. The Cd initial concentrations ([Cd2+]) were set as 22.2 μM, 44.5 775 

μM and 89.0 μM for Goe, Hem and 2LFh, respectively, in both kinetics and sorption 776 

edges experiments, with background electrolyte of 0.05 M KNO3 solution. Adsorption 777 

isotherm curves at low and high ionic strength (IS: 0.05 M and 0.36 M KNO3 solution) 778 

at pH 7 ± 0.05 for (c) Goe, (d) Hem, and (e) 2LFh, with [Cd2+] = 0-89.0 μM for Goe, 779 

Hem and [Cd2+] = 0-177.9 μM for 2LFh. Symbols are experimental data, and lines are 780 

Langmuir fits. All experiments were conducted using a solid/solution ratio of 1 g·L-1 781 

for Goe and Hem, and 0.5 g·L-1 for 2LFh at 25 ± 2 oC. In panels (b) and (e), the samples 782 

indicated by asterisk (*) were selected for Cd K-edge EXAFS analysis. 783 
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 791 

Fig. 2 The Cd isotope compositions between solution and solid phases as the function 792 

of Cd adsorbed fraction during adsorption onto Goe (a), Hem (b) and 2LFh (c). The 793 

solid lines and dashed curves represent the theoretical δ114/110Cd values calculated using 794 

the equilibrium model and the Rayleigh model, respectively. The fractionation factor 795 

(αsolid-solution) given is the average of the two values determined using 114/110Cd in 796 

solution and in solid separately using the equilibrium model. The Cd2+ stock solution 797 

used for adsorption experiments has a δ114/110Cd value of -1.71 ± 0.04‰ (gray line in 798 

each panel).  799 
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 801 

Fig. 3 (a) An illustration of Cd isotope mass balance during Cd-doped goethite 802 

synthesis. Cadmium isotope composition and the fraction of Cd (f) in each part were 803 

added. (b) The corresponding changes in the contents of ferrihydrite and goethite with 804 

time. Time t1 refers to the time that the kinetic isotope fractionation of Cd was removed, 805 

while t2 refers to the time that the ferrihydrite crystallization was completed.             806 

 807 
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Table 1. Fitting results of EXAFS spectra for model compounds and typical Cd adsorption and coprecipitation samples, including in the fit of the 808 

first Cd-O coordination shell a third cumulant (cum.) to account for the asymmetry in a non-Gaussian model.  809 

Sample Path CN R (Å)  (Å) Third cum. ∆E (eV) χ2 R-factora 
Cd(NO3)2 Cd-O 6.6 ± 0.6 2.29 ± 0.02 (2.27 ± 0.01)b 0.0086 ± 0.0010 0.0003 ± 0.0004 3.3 ± 1.7 41.82 0.0058 
Cd(OH)2

c Cd-O 7.4 ± 1.1 2.31 ± 0.02 (2.30 ± 0.01) 0.0090 ± 0.0018 0.0004 ± 0.0005 6.5 ± 1.4 3510.01 0.0177 
 Cd-Cd 10.2 ± 2.7  3.51 ± 0.01 0.0117 ± 0.0021     
CdFh_10_pH6.5d Cd-O 6.2 ± 0.7 2.30 ± 0.03 (2.24 ± 0.01) 0.0118 ± 0.0014 0.0011 ± 0.0006 2.4 ± 2.1 2.00 0.0119 
 Cd-Fe 0.7 ± 0.4  3.31 ± 0.02 0.0029 ± 0.0047     
CdFh_10_pH7d Cd-O 7.4 ± 1.0 2.31 ± 0.04 (2.26 ± 0.01) 0.0143 ± 0.0020 0.0010 ± 0.0008 4.1 ± 2.4 45.89 0.0195 
 Cd-Fe 4.7 ± 1.3 3.33 ± 0.05 0.0282 ± 0.0165     
CdFh_20_pH7d Cd-O 5.7 ± 1.2 2.28 ± 0.05 (2.24 ± 0.01) 0.0086 ± 0.0024 0.0007 ± 0.0009 3.2 ± 3.9 22.62 0.0482 
 Cd-Fe 0.7 ± 0.3 3.33 ± 0.04 0.0030e     
CdFh_10_pH7.5d Cd-O 5.8 ± 0.7 2.32 ± 0.03 (2.26 ± 0.01) 0.0106 ± 0.0014 0.0011 ± 0.0006 5.2 ± 2.1 18.82 0.0139 
 Cd-Fe 0.8 ± 1.0 3.36 ± 0.03 0.0097 ± 0.0101     
5CdGoe_60h_n Cd-O 6.4 ± 1.6 2.29 ± 0.06 (2.22 ± 0.02) 0.0085 ± 0.0031 0.0013 ± 0.0012 7.6 ± 4.4 56.20 0.0675 
 Cd-Fe 0.4 ± 0.9 3.07 ± 0.04 0.0004±0.0168     

aR indicates the fitting quality, which is calculated by the equation: R = ∑(k2χobs(k) - k2χcal(k))2/∑(k2χobs(k))2. 810 

bThese values in bracket were those derived from first Cd-O shell fitting without the addition of third cumulant. 811 

cThis standard was adopted from our previous study27.    812 

dThese samples were named as CdMineral _initial Cd concentration_reaction pH, and the isotope compositions of these samples were measured. 813 

eThis parameter was fixed during the fitting. 814 
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